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Abstract 
The purpose of this study was to measure the aerodynamic force acting upon a soccer ball spun in a wind-tunnel test. In particular, we prepared 
two types of spinning soccer balls (air and motor types), measured the aerodynamic force on each, and examined the validity of the 
measurement method. In the case of the air-type spinning ball, the ball was made to spin by applying compressed air from an air compressor 
via an air duster. In the case of the motor-type spinning ball, a motor was placed at the middle inside the ball, and the ball was then 
automatically spun. First, both the air- and motor-type spinning balls demonstrated very strong spin-parameter (Sp) dependence with respect to 
drag during spinning. In addition, the side-force coefficient showed signs of linear increase as Sp increased in the motor-type spinning ball, 
whereas it increased along a slight curve in the air-type spinning ball. In particular, a negative Magnus effect was observed in the motor-type 
spinning ball when the Reynolds number was approximately 2.0 × 105 and Sp was approximately 0.14 (-0.007) and when the Reynolds number 
was approximately 2.2 × 105 and Sp was approximately 0.13 (-0.005). 
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1. Introduction 
A number of studies have been conducted in recent years on the aerodynamic and flight characteristics of soccer balls due to 
changes in the form of the ball panels [1-7]. However, these studies were mainly concerned on the aerodynamic characteristics of 
fixed non-spinning soccer balls and did not elucidate the aerodynamic characteristics of curving or otherwise spinning soccer 
balls most often used in soccer matches. The major reasons for this deficiency are the extreme difficulty in spinning balls and the 
fact that obtaining precise data from the influence of auxiliary tools (wires and frames) needed to provide spin is believed to be 
difficult. However, kicking a non-spinning ball during a soccer match [8,9], including balls demonstrating a knuckling effect [10-
12], is actually an extremely difficult technique and very infrequently occurs. In other words, most soccer balls in flight spin in 
various directions, and we believe that the fundamental state of a ball flying during an actual match is spinning. Therefore, in this 
study, we prepared two types of spinning soccer balls (air and motor types) to measure the aerodynamic forces on a soccer ball in 
the wind tunnel and examined the aerodynamic characteristics of the spinning soccer balls from the obtained aerodynamic force 
data. In addition, by comparing the aerodynamic force on the two types of spinning soccer balls used in the tests, we examined 
the validity of each measurement model.  
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2. Methods 
2.1. Wind-tunnel test 
In this test, we used a closed-circuit, low-speed, and low-turbulence wind tunnel in the University of Tsukuba, Japan (Fig. 1). 
The maximum wind speed was 55 m/s, the blow-off size was 1.5 m × 1.5 m, the wind-speed distribution was within ±0.5%, and 
the turbulence was 0.1% or less. The test was performed by mounting four types of soccer balls in this wind tunnel as test 
subjects. In addition, the force acting on the soccer balls was measured by a sting-type six-component force detector (LMC-
61256, Nissho Electric Works). The data obtained from the test were recorded by a computer via an A/D conversion board. 
 
Fig. 1. Wind-tunnel test setup. 
In this test, the drag coefficient (CD) and side-force coefficient (CS) were obtained from the measured aerodynamic force 
[Equations (1) and (2)]. In addition, the spin parameter (Sp) was used for the dimensionless relationship between the spin and 
speed.   
 
ܥ݀ ൌ ଶ஽ఘ௎మ஺     (1)  
ܥݏ ൌ ଶௌఘ௎మ஺      (2)  
 
Here, ρ is the air density (ρ = 1.2 kg/m3). U is the flow rate (in meters per second). A is the projected area (in square meters) of 
the soccer ball.  
 
Sp =                          (3) 
 
Sp indicates the ratio of the flow rate to the spin speed, ω indicates the angular speed, R indicates the ball radius, and U 
indicates the flow rate.  
 
In this study, two types of balls were used in the test: air- and motor-type balls (Fig. 2). 
Fig. 2. Setup of the spinning soccer ball used in this test. (a) Air-model design drawing. (b) Motor-model design drawing.  
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In this study, we used the typical 32-panel soccer balls (with 12 pentagonal and 20 hexagonal panels) for the spinning and 
non-spinning tests. In addition, the air-type ball was a fibre-reinforced plastic ball, which is broadly divided into three constituent 
parts: the top hemisphere, the middle, and the bottom hemisphere. The middle part was connected to the sting of the wind tunnel 
and, thus, did not spin. In addition, the air-type ball was spun by providing compressed air from an air compressor via an air 
duster. The spin rate was assumed to be within the range of from 2 to 8 rps in which the spinning was relatively stable. The spin 
rate was obtained by detecting the spinning of a marker attached to part of the spinning ball using a tachometer.  
On the other hand, the motor-type soccer ball involved the installation of a motor within the ball to provide motive power for 
spinning and then spins the ball through a power transmission disk. The motor within the ball was connected to a control panel 
outside the ball via an electronic cable, and this panel was used to maintain a constant spin rate. The spin rate was set to be from 
3 to 8 rps in which the spinning was relatively stable. At 2 rps, the spinning was not stable and was thus considered to be outside 
the scope of measurements of the motor-type ball. The sampling frequency for each measurement data was 1 kHz. The 
measurements were made every 10-s period, and the mean value was considered as the steady-state measurement value. 
3. Results 
In this study, we measured the drag and side force under spinning and non-spinning conditions in the wind tunnel and used the 
obtained data to calculate the drag and side coefficients. 
3.1. Drag coefficient of the balls under non-spinning condition  
Fig. 3. Drag coefficient variation by model types under non-spinning condition. 
We calculated the drag coefficient of various balls under non-spinning condition using the wind-tunnel test (Fig. 3). We 
observed that the drag significantly varied with the ball type. The critical Reynolds numbers for a conventional ball (Molten, 32-
panel) were determined to be 2.2 × 105 (0.16), which are similar to previous tests [1-3]. When we observed Cd of the air-type ball, 
Cd showed signs of decreasing from a maximum value of approximately 0.47 to a minimum value of approximately 0.23 as the 
Reynolds number increased. In addition, when tape correction (for the tests in which the gap present in the middle of the ball is 
covered with tape) was performed, the drag coefficient changed within the range of approximately from 0.5 to 0.2, and the 
critical Reynolds number was approximately 2.1 × 105 (0.18). We assume that this result can be attributed to some types of effect 
from the gap existing in the middle of the air-type ball. 
In addition, Cd of the motor-type ball decreased from the start of measurement, reached approximately 0.29 with a Reynolds 
number of approximately 2.0 × 105, and thereafter showed a slight increase but then appeared to again decrease with a Reynolds 
number of approximately 3.4 × 105. Thus, the critical Reynolds number was approximately 2.0 × 105 (0.2). We assume that this 
occurrence was due to the effect on the ball slipstream at the top-to-bottom axle installed to support the motor-type ball. Thus, a 
further step in the future to examine the effect of the axle that supports the ball is needed via visualization test using particle 
image velocimetry. 
3.2. Drag coefficient of the air-type ball under spinning condition 
When we observed the relationship between the drag coefficient and Sp of the air-type spinning soccer ball, Cd appeared to 
increase as Sp increased (Fig. 4). However, it was observed to momentarily decrease at low speeds (10 m/s or less). In the latest 
studies of spinning soccer balls, Cd of a spinning ball reportedly decreased between Sp of approximately from 0.26 to 0.51 and a 
Reynolds number of approximately 0.96 × 105 [13]. These results matched the region in which Cd was observed to decrease in 
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our tests. In addition, Asai et al. [14] reported that Cd linearly increased as Sp increased within an Sp range of approximately 
from 0.05 to 0.3 and a Reynolds number of approximately from 3.1 × 105 to 4.6 × 105, indicating a similar increase to our tests. 
Fig. 4. Relationship of the drag coefficient and Sp on the air-type spinning soccer ball. 
 
3.3. Drag coefficient of the motor-type ball under spinning condition 
 
Fig. 5. Relationship of the drag coefficient and Sp on the motor-type spinning soccer ball. 
With regards to the relationship between Cd and Sp of the motor-type spinning ball (Fig. 5), we confirmed that the drag 
coefficient decreased in the low-speed regions, which was similar to that of the air-type spinning ball. However, the decrease in 
Cd of the motor-type spinning ball not only occurred in the low-speed region but also extended to the medium-speed regions. In 
addition, Kim et al. [15] reported that, similar to our tests, Cd decreased in the spinning tests involving a smooth ball. However, 
because we do not know whether this result is due to the axle behind the motor-type spinning ball, a pending issue would be the 
visualization of the air flow on the ball surface. 
3.4. Side-force coefficient of the air-type ball under spinning condition 
With regards to the relationship between the side-force coefficient and Sp of the air-type spinning soccer ball (Fig. 6), Cs 
increased as Sp increased at all wind speeds due to the Magnus effect. The same tendency was observed in previous studies 
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[13,14]. However, Asai et al. [14] reported that Cs was approximately 0.29 when the Reynolds number was approximately 3.3 × 
105 and Sp was approximately 0.2 in a study of a Teamgeist ball. This result was approximately 0.05 lower than the Cs in the 
same region in our tests (approximately 0.24). Furthermore, lower values were observed in all other regions. This difference in 
the results is believed to be due to the effect of the gap present in the air-type spinning ball and the differences in the shape of the 
soccer balls used in the test.  
In addition, Kray et al. [13] reported that a negative Magnus effect occurred in which minimum Cs was approximately -0.09 
when the Reynolds number was approximately 2.06 × 105 and Sp was approximately 0.06. In addition, A negative Magnus effect 
(-0.3) was reported when the Reynolds number was approximately 0.9 × 105 and Sp was approximately from 0.1 to 0.2 [15]. 
However, in our tests, Cs was not observed to decrease as Sp increased. 
Fig. 6. Relationship of the side-force coefficient and Sp on the air-type spinning soccer ball. 
3.5. Side-force coefficient of the motor-type ball under the spinning condition 
With regards to the relationship between Cs and Sp of the motor-type spinning ball (Fig. 7), an increase in Cs appeared to 
occur in most regions as Sp increased, similar to that of the air-type spinning ball, due to the Magnus effect. However, Cs was 
observed to decrease for wind speeds of 7 m/s (approximately from 0.30 to 0.39) and 8 m/s (approximately 0.26 to 0.35). In 
addition, Cs showed negative values (on the order of -0.007 and -0.005) when the motor-type spinning ball Reynolds number 
was approximately 2.0 × 105 and Sp was approximately 0.14 and when the Reynolds number was approximately 2.2 × 105 and Sp 
was approximately 0.13. These results were the same as those in the negative Magnus-effect region [14,16]. 
Fig. 7. Relationship of the side-force coefficient and Sp on the motor-type spinning soccer ball. 
4. Conclusion 
In this study, we used air- and motor-type spinning balls to examine the drag and side force during spinning of a soccer ball. 
First, although the drag values of the air- and motor-type spinning balls differed, both linearly increased as Sp increased. 
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However, the side force was observed to decrease in the low-speed regions. Furthermore, in the case of the motor-type spinning 
ball, the side force in the medium-speed regions displayed negative values. 
In addition, in the method used in this study, the results were greatly affected by the gap in the air-type spinning ball and the 
axle behind the motor-type spinning ball. Hence, although we failed to determine which method was better, we were able to 
confirm their individual characteristics. Our future work will be to examine the air flow of the ball slipstream using visualization 
tests to address the limitations of the present study. 
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